Heat exchangers are devices that transfer energy between fluids at different temperatures by heat transfer. These devices can be used widely both in daily life and industrial applications such as steam generators in thermal power plants, distillers in chemical industry, evaporators and condensers in HVAC applications and refrigeration process, heat sinks, automobile radiators and regenerators in gas turbine engines. This chapter discusses the basic design methods for two fluid heat exchangers.
Introduction
Heat exchangers (HE) are devices that transfer energy between fluids at different temperatures by heat transfer. Heat exchangers may be classified according to different criteria. The classification separates heat exchangers (HE) in recuperators and regenerators, according to construction is being used. In recuperators, heat is transferred directly (immediately) between the two fluids and by opposition, in the regenerators there is no immediate heat exchange between the fluids. Rather this is done through an intermediate step involving thermal energy storage. Recuperators can be classified according to transfer process in direct contact and indirect contact types. In indirect contact HE, there is a wall (physical separation) between the fluids. The recuperators are referred to as a direct transfer type. In contrast, the regenerators are devices in which there is intermittent heat exchange between the hot and cold fluids through thermal energy storage and release through the heat exchanger surface or matrix. Regenerators are basically classified into rotary and fixed matrix models. The regenerators are referred to as an indirect transfer type.
This chapter discusses the basic design methods for two fluid heat exchangers. We discuss the log-mean temperature difference (LMTD) method, the effectiveness ε À NTU method, dimensionless mean temperature difference (Ψ À P) and (P 1 -P 2 ) to analyse recuperators. The LMTD method can be used if inlet temperatures, one of the fluid outlet temperatures, and mass flow rates are known. The ε -NTU method can be used when the outlet temperatures of the fluids are not known. Also, it is discussed effectiveness-modified number of transfer units (ε À NTU o ) and reduced length and reduced period (Λ À π) methods for regenerators.
Governing equations
The energy rate balance is
For a control volume at steady state,
Changes in the kinetic and potential energies of the flowing streams from inlet to exit can be ignored. The only work of a control volume enclosing a heat exchanger is flow work, so _ W ¼ 0 and single-stream (only one inlet and one exit) and from the steady-state form the heat transfer rate becomes simply [1] [2] [3] 
For single stream, we denote the inlet state by subscript 1 and the exit state by subscript 2.
For hot fluids,
For cold fluids,
The total heat transfer rate between the fluids can be determined from
where U is the overall heat transfer coefficient, whose unit is W/m 2o C and ΔT lm is log-mean temperature difference.
Overall heat transfer coefficient
A heat exchanger involves two flowing fluids separated by a solid wall. Heat is transferred from the hot fluid to the wall by convection, through the wall by conduction and from the wall to the cold fluid by convection.
where A i ¼ πD i L and A o ¼ πD o L and U is the overall heat transfer coefficient based on that area. R t is the total thermal resistance and can be expressed as [1]
where R f is fouling resistance (factor) and R w is wall resistance and is obtained from the following equations.
For a bare plane wall
where t is the thickness of the wall For a cylindrical wall
The overall heat transfer coefficient based on the outside surface area of the wall for the unfinned tubular heat exchangers,
where R fi and R fo are fouling resistance of the inside and outside surfaces, respectively.
or
where R ft is the total fouling resistance, given as
For finned surfaces,
where η is the overall surface efficiency and 
where A f is fin surface area and η f is fin efficiency and is defined as
Constant cross-section of very long fins and fins with insulated tips, the fin efficiency can be expressed as
where L is the fin length.
For straight triangular fins,
For straight parabolic fins,
For circular fins of rectangular profile,
where the mathematical functions I and K are the modified Bessel functions and
where t is the fin thickness.
and
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For pin fins of rectangular profile,
where
and corrected fin length, L c , defined as
where L is the fin length and D is the diameter of the cylindrical fins. The corrected fin length is an approximate, yet practical and accurate way of accounting for the loss from the fin tip is to replace the fin length L in the relation for the insulated tip case.
A is the total surface area on one side
The overall heat transfer coefficient is based on the outside surface area of the wall for the finned tubular heat exchangers,
where A o and A i represent the total surface area of the outer and inner surfaces, respectively.
Thermal design for recuperators
Four methods are used for the recuperator thermal performance analysis: log-mean temperature difference (LMTD), effectiveness-number of transfer units (ε À NTU), dimensionless mean temperature difference (Ψ À P) and (P 1 -P 2 ) methods.
The log-mean temperature difference (LMTD) method
The use of the method is clearly facilitated by knowledge of the hot and cold fluid inlet and outlet temperatures. Such applications may be classified as heat exchanger design problems; that is, problems in which the temperatures and capacity rates are known, and it is desired to size the exchanger.
Parallel and counter flow heat exchanger
Two types of flow arrangement are possible in a double-pipe heat exchanger: parallel flow and counter flow. In parallel flow, both the hot and cold fluids enter the heat exchanger at the same end and move in the same direction, as shown in Figure 1 . In counter flow, the hot and cold fluids enter the heat exchanger at opposite end and flow in opposite direction, as shown in Figure 2 . 
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The heat transfer rate is
where ΔT lm is log-mean temperature difference and is Then,
where the endpoint temperatures, ΔT 1 and ΔT 2 , for the parallel flow exchanger are
where T hi is the hot fluid inlet temperature, T ci is the cold fluid inlet temperature, T ho is the hot fluid outlet temperature and T co is the cold fluid outlet temperature.
The endpoint temperatures, ΔT 1 and ΔT 2 , for the counter flow exchanger are
Multipass and cross-flow heat exchanger
In compact heat exchangers, the two fluids usually move perpendicular to each other, and such flow configuration is called cross-flow. The cross-flow is further classified as unmixed and mixed flow, depending on the flow configuration, as shown in Figures 3 and 4 .
Multipass flow arrangements are frequently used in shell-and-tube heat exchangers with baffles ( Figure 5 ). 
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Log-mean temperature difference ΔT lm is computed under assumption of counter flow conditions. Heat transfer rate is
where F is a correction factor and non-dimensional and depends on temperature effectiveness P, the heat capacity rate ratio R and the flow arrangement.
The value of P ranges from 0 to 1. The value of R ranges from 0 to infinity. If the temperature change of one fluid is negligible, either P or R is zero and F is 1. Hence, the exchanger Heat Exchangers-Design, Experiment and Simulation 18 4.1.3. The procedure to be followed with the LMTD method 1. Select the type of heat exchanger.
2. Calculate any unknown inlet or outlet temperatures and the heat transfer rate.
3. Calculate the log-mean temperature difference and the correction factor, if necessary.
4.
Calculate the overall heat transfer coefficient.
5.
Calculate the heat transfer surface area.
6. Calculate the length of the tube or heat exchanger
The ε -NTU method
If the exchanger type and size are known and the fluid outlet temperatures need to be determined, the application is referred to as a performance calculation problem. Such problems are best analysed by the NTU-effectiveness method [4, 5] .
Capacity rate ratio is 
where C min and C max are the smaller and larger of the two magnitudes of C h and C c , respectively, and C h and C c are the hot and cold fluid heat capacity rates, respectively.
Heat exchanger effectiveness εis defined as
where C c ¼ _ m c c pc and C h ¼ _ m h c ph are the heat capacity rates of the cold and the hot fluids, respectively, and _ m is the rate of mass flow and c p is specific heat at constant pressure.
Heat exchanger effectiveness is therefore written as
The number of transfer unit (NTU) is defined as a ratio of the overall thermal conductance to the smaller heat capacity rate. NTU designates the non-dimensional heat transfer size or thermal size of the exchanger [4, 5] .
In evaporator and condenser for parallel flow and counter flow,
The effectivenesses of some common types of heat exchangers are also plotted in Figures 11-16 .
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4.
Calculate the total heat transfer rate.
Calculate the outlet temperatures.
b. For the sizing problem:
1. Calculate the effectiveness.
2.
Calculate the capacity rate ratio.
3.
4. Determine NTU.
5.
Calculate the length of the tube or heat exchanger

The Ψ -P method
The dimensionless mean temperature difference is [4] 
where P is the temperature effectiveness and the temperature effectivenesses of fluids 1 and 2 are defined as, respectively
Heat Exchangers-Design, Experiment and Simulationwhere 1 and 2 are fluid stream 1 and fluid stream 2, respectively, and R is the heat capacity ratio and defined as
Non-dimensional mean temperature difference as a function for P 1 and R 1 with the lines for constant values of NTU 1 and the factor is shown in Figure 17 .
The heat transfer rate is given by
4.3.1. The procedure to be followed with the Ψ -P method 1. Calculate NTU 1 .
2. Calculate F factor.
3. Calculate R 1 with the lines for constant values of NTU 1 and the F factor superimposed in Figure 17 . 
The
The dimensionless mean temperature difference is [4] ψ
(56) P 1 -P 2 chart for 1-2 shell and tube heat exchanger [2] with shell fluid mixed is shown in Figure 18 .
where 1 and 2 are one shell pass and two tube passes, respectively.
4.4.1. The procedure to be followed with the P 1 -P 2 method
1. Calculate NTU 1 or NTU 2 .
2. Calculate R 1 or R 2 .
3. Plot P 1 as a function of R 1 with NTU 1 or P 2 as a function of R 2 with NTU 2 in Figure 18. 4. Calculate the dimensionless mean temperature Ψ.
5.
Calculate the heat transfer rate. Heat Exchangers-Design, Experiment and Simulation 26
Thermal design for regenerators
Two methods are used for the regenerator thermal performance analysis: ε À NTU o and Λ À π methods, respectively, for rotary and fixed matrix regenerators.
The ε -NTU o method
The ε -NTU o method was developed by Coppage and London in 1953. The modified number of transfer units is [4] 
where c w is the specific heat of wall material, N is the rotational speed for a rotary regenerator and M w is matrix mass and determined as
where A rc is the rotor cross-sectional area, H r is the rotor height, ρ m is the matrix material density and S m is the matrix solidity.
The convection conductance ratio is
Most regenerators operate in the range of 0:25 ≤ ðhAÞ Ã < 4. The effect of ðhAÞ Ã on the regenerator effectiveness can usually be ignored.
A is the total matrix surface area and given as
where A rc is the rotor cross-sectional area, H r is the rotor height, β is the matrix packing density and F rfa is the fraction of rotor face area not covered by radial seals.
The hot and cold gas side surface areas are proportional to the respective sector angles.
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where α h and α c are disk sector angles of hot flow and cold flow in degree, respectively.
The regenerator effectiveness is
The counter flow regenerator
The regenerator effectiveness for ε ≤ 0:9is
where ε cf is the counter flow recuperator effectiveness and is determined as Figure 19 . The counter flow regenerator effectiveness as a function of NTU o and for C*=1.
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The counter flow regenerator effectiveness as a function of NTU o and for C*=1i sp r e s e n t e d in Figure 19 . The regenerator effectiveness increases with C Ã r for given values of NTU o and C Ã .The range of the optimum value of C Ã r is between 2 and 4 for optimum regenerator effectiveness.
The parallel flow regenerator
The parallel flow regenerator effectiveness as a function of NTU o and for C* = 1 and (hA)*=1is presented in Figure 20 .
5.1.3. The procedure to be followed with the ε -NTU o method 1. Calculate the capacity rate ratio.
2. Calculate (hA)*.
3. Calculate (C r )*.
5. Determine the effectiveness.
6. Calculate the total heat transfer rate.
7. Calculate the outlet temperatures.
The Λ -π method
This method is generally used for fixed matrix regenerators. The reduced length designates the dimensionless heat transfer or thermal size of the regenerator. The reduced length is [4] The reduced lengths for hot and cold sides, respectively, are
The reduced period is
where b and c are constants.
The reduced periods for hot and cold sides, respectively, are
Designations of various types of regenerators are given in Table 1 . For a symmetric and balanced regenerator, the reduced length and the reduced period are equal on the hot and cold sides:
The actual heat transfer during one hot or cold gas flow period is
The maximum possible heat transfer is
The effectiveness for a fixed-matrix regenerator is
The effectiveness chart for a balanced and symmetric counter flow regenerator is given in Figure 21 .
The effectiveness chart for a balanced and symmetric parallel flow regenerator is given in Figure 22 .
Regenerator
Symmetric and balanced
Unsymmetric and balanced Basic Design Methods of Heat Exchanger http://dx.doi.org/10.5772/67888 31 difference (Ψ À P) and (P 1 -P 2 ) methods. The exchanger rating or sizing problem can be solved by any of these methods and will yield the identical solution within the numerical error of computation. If inlet temperatures, one of the fluid outlet temperatures, and mass flow rates are known, the LMTD method can be used to solve sizing problem. If they are not known, the (ε À NTU) method can be used. (Ψ À P) and (P 1 -P 2 ) methods are graphical methods. The (P 1 -P 2 ) method includes all major dimensionless heat exchanger parameters. Hence, the solution to the rating and sizing problem is non-iterative straightforward.
Regenerators are basically classified into rotary and fixed matrix models and in the thermal design of these models two methods: effectiveness-modified number of transfer units (ε À NTU o ) and reduced length and reduced period (Λ À π) methods for the regenerators.
(Λ À π) method is generally used for fixed matrix regenerators. 
